Abstract Machado-Joseph disease (MJD) is an autosomal dominant neurodegenerative disorder that is clinically characterized by cerebellar ataxia and various associated symptoms. The disease is caused by an unstable expansion of the CAG repeat in the MJD gene. This gene is mapped to chromosome 14q32.1. To determine its genomic structure, we constructed a contig composed of six cosmid clones and eight bacterial artificial chromosome (BAC) clones. It spans approximately 300 kb and includes MJD. We also determined the complete sequence (175,330 bp) of B445M7, a human BAC clone that contains MJD. The MJD gene was found to span 48,240 bp and to contain 11 exons. Northern blot analysis showed that MJD mRNA is ubiquitously expressed in human tissues, and in at least four different sizes; namely, 1.4, 1.8, 4.5, and 7.5 kb. These different mRNA species probably result from differential splicing and polyadenylation, as shown by sequences of the 21 independent cDNA clones isolated after the screening of four human cDNA libraries prepared from whole brain, caudate, retina, and testis. The sequences of these latter clones relative to the MJD gene in B445M7 indicate that there are three alternative splicing sites and eight polyadenylation signals in MJD that are used to generate the differently sized transcripts.
Introduction
Machado-Joseph disease (MJD) is an autosomal dominant neurodegenerative disorder clinically characterized by cerebellar dysfunction and various associated symptoms. The responsible gene, denoted as MJD, maps to chromosome 14q32.1. Disease is associated with an unstable expansion of the CAG trinucleotide repeat contained in MJD (Kawaguchi et al. 1994) . Mutations leading to the unstable expansion of CAG repeats in other genes have also been reported in nine other neurodegenerative disorders, including Huntington's disease (HD), (The Huntington's Disease Collaborative Research Group 1993) , spinocerebellar ataxia type 1 (SCA1) (Orr et al. 1993) , SCA2 (Pulst et al. 1996; Imbert et al. 1996; Sanpei et al. 1996) , SCA6 (Zhuchenko et al. 1997) , SCA7 (David et al. 1997) , SCA12 (Holmes et al. 1999) , dentatorubral-pallidoluysian atrophy (DRPLA) (Nagafuchi et al. 1994; Koide et al. 1994) , and spinal and bulbar muscular atrophy (SBMA) (La Spada et al. 1991) . The CAG repeats lead to the expression of a protein containing multiple glutamines, and pathology is thought to arise as a consequence of a gain of function by such proteins. As the truncated protein containing the expanded polyglutamine sequence induces apoptotic cell death in vitro and the gene products are cleaved by caspase-3, a proapoptotic cysteine protease (Ikeda et al. 1996; Goldberg et al. 1996) , it may be that the expanded polyglutamine promotes apoptosis in the brain. This could result in the clinical phenotype associated with these so-called polyglutamine diseases. Indeed, neuronal nuclear aggregates are commonly found in the brains of those people suffering from polyglutamine diseases. Transgenic mice generated to understand the pathogenesis of the polyglutamine diseases include two strains of MJD transgenic mice. One of these strains, which selectively expresses the expanded polyglutamine stretch in Purkinje cells, develops a severely atrophic cerebellum and has an ataxic phenotype (Ikeda et al. 1996) . The other transgenic strain, the YAC transgenic mouse that carries the fulllength human MJD gene, shows a mild and slowly progressive cerebellar deficit (Cemal et al. 1999a; Cemal et al. 1999b) .
Despite these studies, the molecular mechanisms by which CAG repeat expansion causes disease remain unclear. Consequently, to better understand of the molecular basis of MJD-associated pathology, we have studied the genomic structure of MJD and its transcription. Previous work has also attempted to do this. Kawaguchi et al. (1994) isolated and characterized a cDNA clone denoted as MJD1a and reported that MJD consists of 1776bp and may be composed of four exons (Kawaguchi et al. 1994 ). In addition, in previous work, we isolated two MJD cDNA clones that have alternative carboxyl terminus exon sequences (Goto et al. 1997) . In this study, we have aimed to more thoroughly understand the structure of MJD and its expression. We report here the complete structure of MJD and show that MJD is expressed as several differently sized transcripts resulting from differential splicing and polyadenylation.
Materials and methods

Cosmid library screening
The cosmids were obtained from the Los Alamos gridded chromosome 14-specific cosmid library (Xie Y.-G. et al. 1998) . The library was screened by direct hybridization, using 14 gridded filters, each of which contains 1152 clones. These filters were constructed as described in previous reports (Xie Y.-G. et al. 1998; Lafrenière et al. 1995) . The condition used for isolation of cosmids was stringent, hybridization and washes were performed at 65°C, and final washes in 0.1 ϫ standard saline citrate buffer and 0.1% sodium lauryl sulfate.
Bacterial artificial chromosome (BAC) library screening
The RPCI11 human BAC library (Rosewell Park Cancer Institute, New York, NY, USA) was used for screening. Successive pools of BAC DNA in a series of microtiter wells were screened by polymerase chain reaction (PCR), using the primers BAC-F (5Ј-TGA CTT GAA GTG CTA ATA GCA CAG-3Ј) and BAC-R (5Ј-AAT CAG GTA TAA ACC TAA GGT GCT CT-3Ј). These primers were designed on the basis of the sequence of intron 1. Two replicate microtiter plates, Z1-4 and Z5-8, were screened.
The first amplification was performed with a hot start at 70°C, followed by 40 thermal cycles, consisting of 1 min at 94°C, 30 s at 55°C, and 30s at 72°C. The second amplification was carried out under the same conditions, except that 25 thermal cycles were used. Replica plates bearing positive clones were screened by an identical method.
Cosmid and BAC DNA preparation Cosmid and BAC clones were grown overnight at 37°C in Luria-Bertani (LB) or in 2 ϫ YT media containing appropriate antibiotics (10 µg/ml ampicillin for cosmid, 50µg/ml chloramphenicol for BAC). Cosmid DNA was prepared by the alkaline lysis method (Sambrook et al. 1989 ) and BAC DNA was prepared using the Qiagen plasmid maxi kit (Qiagen, Chatsworth, CA, USA) with one minor alternation; namely, that the elution buffer was used after being preheated at 65°C.
Sequencing
Sequencing reactions were performed using a DYEnamic Direct sequencing kit with T7 and T3 primers (Amersham Pharmacia Biotech, Buckinghamshire, UK) or a BigDye Terminator Cycle Sequencing reaction kit (Perkin-Elmer, Foster City, CA, USA), both used according to the manufacturer's instructions. The sequencing products were analyzed by a 377 automated fluorescence sequencer (Applied Biosystems, Foster City, CA, USA). The nested deletion method (Hattori et al. 1997 ) was used to sequence the cosmid clones. The sequence of the BAC clone B445M7 was determined by the shot-gun strategy for large-scale sequencing, at Hitachi (Tokyo, Japan) (Fleischmann et al. 1995) .
Data analysis
Sequence data were analyzed with Sequencing Analysis software (version 3.0; Perkin-Elmer), Sequencher software (version 3.0; Genecodes, Ann Arbor, MI, USA) and Genetyx-Mac software (version 10; Software Development, Tokyo, Japan). Database searches were carried out using the BLAST program through the National Center for Biotechnology Information (NCBI). Searches for motif and transcription factor sequences in MJD were performed using the MOTIF and the TFSEARCH programs in the Genome Net WWW Server Japan.
Fluorescence in situ hybridization (FISH) and fiber FISH Chromosome mapping of the cosmid and BAC clones was carried out by FISH, as previously described (Hirai et al. 1996) . A contig of the MJD gene region was constructed by the fiber FISH method (Mann et al. 1997) . The stretched DNA fibers were hybridized with two probes, one labeled with biotin (fluorescein isothiocyanate [FITC] ; green) and the other with digoxigenin (rhodamine; red). The cosmid clones 24C7 (cos2) and 76F4 (cos5) were used as references to determine the chromosomal locations of the BAC clones.
cDNA libraries and screening Four human cDNA libraries were screened for the presence of MJD cDNA clones. The mRNA for the libraries originated from caudate, retina, whole brain, and testis. The caudate library and its screening have been described previously (Goto et al. 1997 ). The retina library was purchased from Clontech (Palo Alto, CA, USA) and was constructed on a λ gt10. The whole brain and testis cDNA libraries were constructed using a ZAP Express cDNA vector (Stratagene, La Jolla, CA, USA). Two probes were generated. The first (used to probe the retina library) consists of a 185-bp cDNA fragment of MJD that was amplified with the MJD13F and MJD197R primers, and the second (used to probe the brain and testis libraries) is composed of a 434 bp cDNA fragment of MJD that was amplified with the MJD74F(52) and MJD507R(485) primers (see below for primer sequences and PCR conditions). The probes were labeled with [α-32 P] dCTP (6000Ci/mmol) or digoxigenin (DIG)-dUTP. Hybridization and washing were performed according to the standard method (Sambrook et al. 1989 ). The cDNA inserts of the positive λ gt10 clones were subcloned into pBluescript SKII(ϩ) (Stratagene), while the positive λ ZAP XR and λ ZAP Express clones were selfexcised, and the corresponding plasmids were obtained according to the manufacturer's instructions (Stratagene).
PCR
The primer pairs used to amplify the exons were as follows: exon 4: 277F (5Ј-GCA ATG CCT TGA AAG TTT GG-3Ј) and 355R (5Ј-ATA GGA TCG ATC CTG AGC CT-3Ј); exons 7 and 8: 585F (5Ј-CAA CAG ATG CAT CGA CCA AA-3Ј) and 694RK (5Ј-CCT GAG CCA TCA TTT GCT TCT AAT A-3Ј); exon 10: MJD52 (5Ј-CCA GTG ACT ACT TTG ATT CG-3Ј) and MJD70 (5Ј-CTT ACC TAG ATC ACT CCC AA-3Ј); exon 11: 5R2 (5Ј-GAT TAC AGC ATA GGG GTC CAC-3Ј) and 5R1 (5Ј-CAC TGG AGC ACA CGG TAT AC-3Ј).
The primer pairs used to prepare probes for cDNA library screening were as follows: retina cDNA library: MJD13F (5Ј-CCG TTG GCT CCA GAC AAA TA-3Ј) and MJD197R (5Ј-AGT AAC TCC TCC TTC TGC CA-3Ј); whole brain and testis cDNA libraries: MJD74F(52) (5Ј-ACG AGA AAC AAG AAG GCT CAC T-3Ј) and MJD507R(485) (5Ј-AAG TGC AAG ATA TGT ATC TGA TAT TAA TTC T-3Ј).
Probe and exon amplifications were performed by 30 cycles of 1-min denaturation at 94°C, 1-min annealing at 56°C, and 1 min extension at 72°C.
The primers used for reverse transcription (RT)-PCR (see below) were 1818F (5Ј-GCG TTC CTA AAC TCT GAA ATC AGC CTT GCA CAA GTA CT-3Ј) and 164664R (5Ј-TGA TAC TAT GGT TAC TTG CAC TGG CAT CTT TTC ATA CTG GC-3Ј).
Northern blot analysis
Three kinds of multiple tissue northern blots (heart, brain, placenta, lung, liver, skeletal muscle, kidney, and pancreas); human brain II (cerebellum, cerebral cortex, medulla, spinal cord, occipital pole, frontal lobe, temporal lobe, and putamen); and human brain IV (amygdala, caudate nucleus, corpus callosum, hippocampus, whole brain, substantia nigra, and thalamus), were purchased (Clontech). Northern blot hybridization was performed according to the manufacturer's instructions. The probe used was the same as that used to screen the human whole brain and testis cDNA libraries. After removal of the probe by 0.5% sodium dodecylsulfate (SDS), the filters were rehybridized with labeled human actin cDNA as a control.
RT-PCR
Total RNA was extracted from peripheral blood leukocytes, using Trizol reagent (GIBCO-BRL, Rockville, MD, USA). One microgram of total RNA was treated with RNase-free DNaseI (GIBCO-BRL). Reverse transcription was performed using SuperScript II reverse transcriptase (GIBCO-BRL) with oligo(dT) primer. PCR amplification was carried out using Advantage cDNA polymerase mix (Clontech) with the primer pairs 1818F and 164664R (see above). PCR conditions consisted of one cycle for 30s at 94°C, followed by five cycles of 5s at 94°C and 4 min at 72°C, followed by another five cycles of 5s at 94°C and 4 min at 70°C, and ending with 25 cycles of 5s at 94°C and 4 min at 68°C.
Results
Cosmid and BAC contig construction
Thirteen cosmid clones were obtained when the human chromosome 14-specific genomic library was screened. These clones are denoted as 4H9 (cos1), 24C7 (cos2), 62B11 (cos3), 74C8 (cos4), 76F4 (cos5), 79H4 (cos6), 87A8 (cos8), 111F12 (cos9), 113A3 (cos10), 137H5 (cos11), 161H1 (cos12), 168A1 (cos13), and 10B9 (cos14). FISH analysis revealed that the cos1, cos2, cos3, cos5, cos10, cos11, cos13, and cos14 sequences are located on chromosome 14q32.1 and the other 5 clones on 14q21-22. Among the cosmid clones that map to 14q32.1, exon sequences of exon 4, exons 7 and 8, and exon 10 and exon 11 were amplified by PCR. The sequence of exon 4 was contained in cos2, cos13, cos11, and cos3, that of exons 7 and 8 in cos11, cos1, cos5, and cos3, and that of exons 10 and 11 in cos1 and cos5 (data not shown). The fiber FISH method revealed that 6 cosmid clones mapped to 14q32.1 aligned from centromere to telomere in the following order: cos2, cos11, cos13, cos5, cos14, and cos1 (Fig. 1) . Cos2, cos11, and cos13 were un-stable and partially deleted. Cos3 and cos10 clones did not overlap with any of the above 6 cosmid clones.
Screening of the RPCI11 BAC library was subsequently carried out, and eight BAC clones were obtained: B472N19, B472P19, B445M7, B386D20, B400P9, B531L24, B750-O6, and B372P2. All BAC clones mapped to 14q32.1. By the fiber FISH method, we constructed a contig, on the basis of the six cosmid and eight BAC clones, that comprises an approximately 300-kb region containing MJD (Fig. 1) .
Sequence analysis
The eight cosmid clones mapping to 14q32.1 and the B445M7 BAC clone were sequenced. The complete sequence of B445M7 was found to be composed of 175,330 bp, and has been submitted to the DDBJ/GenBank/EMBL database (accession number, AB038653). Within B445M7 is the MJD gene, which spans the nucleotide (nt) region 126,768-175,007. The gene is approximately 48.2 kb in size and is composed of 11 exons ( Fig. 2A) . The exon/intron borders are presented in Table 1 .
The 5Ј-end sequences of five independent cDNA clones isolated from human cDNA libraries (see below) indicate that the transcription initiation site is probably at nucleotide position 126,768 in B445M7. The MJD translation initiation site in B445M7 is at nt 126,826. An Alu element is found 437 bp upstream of the presumed transcription start site, and between these two sites, four GC box consensus sequences were identified. Neither TATA boxes nor CCAAT boxes are found in this region. With regard to transcription factors, Sp1, Ap2, USF and SRY binding sequences were identified. The translation initiation site is located at nt 126,826 in B445M7, and is in good agreement with Kozak's consensus sequence (Kozak 1987 ).
As will be described further below, either exon 10 or exon 11 is used by alternative splicing to form the 3Ј-end of MJD mRNA. Exon 10 is composed of 1099 bp and includes Centromere Telomere 10 m m Fig. 1A (Kawaguchi et al. 1994) . Blank is a deleted residue. Dots indicate polymorphic sites associated with amino-acid substitution. The sequences of pMJD2-1, pMJD5-1, and pMJD1-1 were previously reported (Goto et al. 1997 ). H2 has been submitted to the DDBJ/GenBank/EMBL database, under accession number AB050194 A B one polyadenylation signal consensus sequence (A1 in Fig.  2A,B) . Exon 11 is composed of 6046 bp and contains seven polyadenylation signal consensus sequences (A 2 to A 8 in Fig. 2A,B) . As shown by the cDNA clones, the A 2 , A 3 , and A 5 polyadenylation signals at least are used (see below and discussion). A8 is found 2037 bp downstream of A 5 in several ESTs: AA985560, AI961188, N51479, N46999, BE217844, BE327404, AI269056, and AW970490.
The BLAST search indicated that additional gene sequences apart from MJD are present within B445M7. The nt region 102,427-70,540 contains the human homologue of the Bos taurus cleavage and polyadenylation specificity factor (BTCPSFSU). Several partial sequences of NDUFB1 were also found (regions 111,694-111,736, 114,409-114,498, 115,736-115,880, and 117,149-117,255) (Fig. 1A) . The 114,781-115,255 region contains the EST: AA456166, while EST: AA203662 can be found in the region comprised by nt 116,067-116,662.
cDNA cloning
In total, 5 ϫ 10 6 pfu of four human cDNA libraries derived from caudate, retina, whole brain, and testis mRNA were screened. This resulted in the isolation of 27 MJD cDNA clones, 3 clones from the caudate library, 4 from the retina library, 9 from the whole brain library, and 11 from the testis library. Sequence analysis revealed that 21 of the 27 clones were independent of each other and could be classified into four types according to the splicing patterns used to generate them (Fig. 2B) . Type 1 clones consist of pMJD2-1, pR7b, and H8-2, and are similar in structure to the cDNA clone MJD1a that was originally described by Kawaguchi et al. (1994) . These clones use exon 10 to provide the 3Ј-terminal sequence. Relative to MJD1a, our three type 1 clones carry a single nucleotide substitution in the stop codon as described previously (Goto et al. 1997 ). 
C
There are 14 type 2 clones (pMJD1-1, pMJD5-1, R8a, H11-1, H11-2, H11-3, H11-4, H13-1, H9, H12-2, H3, H10, H4-1, and H13-2). All contain exon 11 and skip their 3Ј-regions of exon 10 due to the use of the splicing donor site in exon 10, as described in a previous report (Goto et al. 1997) . Of the type 2 clones, the H4-1 and H13-2 clones are identical and carry the longest 3Ј-untranslated region (UTR). They do not contain a 1510-bp fragment (nts 171,111-172,620 in B445M7) in their 3Ј-UTR ( Fig. 2A) but this may be an artifact, because the RT-PCR products amplified with the primers 1818F and 164664R include this fragment (data not shown), and two expressed sequence tags (ESTs) (AI733912 and AA164664) that include this fragment have been registered in GenBank. There are not splice consensus sequences or repeats at the boundaries of this region. Four polyadenylation signal consensus sequences, denoted as A 2 to A 5 ( Fig. 2A,B) , could be identified in the long 3Ј-UTR of the type 2 clones.
Type 3 clones consist of four identical clones, H2, H5-1, H7, and H11. These clones originate from the testis library. In these clones, exon 2 is skipped, presumably by alternative splicing, but this does not cause a shift in the reading frame. The sequence of H2 has been submitted to the DDBJ/GenBank/EMBL database (accession number, AB050194).
The type 4 clone category is a miscellaneous collection of clones that cannot be classified into any of the prior three types. R3d and R6a are short and are composed of only exons 2 to 9. H6 and H7-3 are chimeras, as their 5Ј-regions are derived from genes other than MJD. With regard to H6, the 173 bp at its 5Ј-end is derived from nicotinamide adenine dinucleotide (NADH), reduced dehydrogenase (ubiquinone) 1 beta subcomplex, 1 (7 kD; MNLL); NDUFB1 (Fig. 2B) . NDUFB1 is thought to be divided into four parts (as shown by comparing NDUFB1 with the genome sequence of B445M7) and the 173bp at the 5Ј-end of H6 consists of a partial sequence from the second part of NDUFB1 linked to the 3Ј-end of the third part. The 5Ј-end of the MJD-derived sequence of H6 consists of the 5Ј-end of the second MJD exon. Exon 4 of MJD is skipped in H6. In the case of the chimeric clone H7-3, the 349 bp at its 5Ј-end is highly homologous to human glutaminase liver isoform mRNA (AF223944.1; 95% similarity), while the MJDderived region is identical to the 453-1372 sequence of pMJD1-1, except in the number of CAG repeats. The remaining type 4 clone, H5-2, is not a cDNA for MJD but is highly homologous. Its homology to pMJD1-1 is 79.6% at the nucleotide level and 70% at the amino-acid level. A homology search revealed that the sequence of H5-2 is highly homologous (99.7%) to a genomic sequence (nts 52,269-53,529) within BAC GSHB-600G8, an Xp22 BAC clone. The sequence of H5-2 has been submitted to the DDBJ/GenBank/EMBL database (accession number, AB050195).
All four of the type 3 clones (H2, H5-1, H7, and H11) and one of the type 2 clones, pMJD1-1, have equivalent 5Ј-ends and the longest 5Ј-UTRs. The sequences of these clones start at the nt 126,768 position of the BAC clone B445M7. This is 23nt upstream of the first 5Ј nt in MJD1a (Kawaguchi et al. 1994) and is probably the transcription initiation site of MJD.
From the results of cDNA cloning, we identified two alternative splicings. We previously reported three polymorphisms in the MJD gene (Goto et al. 1997) . From these findings, we estimated that there were at least five MJD gene products (Fig. 2C) . Four of five type amino acid sequences of gene products were previously reported (Goto et al. 1997) . The amino acid sequence of H2 (H5-1, H7 and H11) clone is the same as of sequence of pMJD1-1 except for 55 amino acids missing due to exon2 skipping by alternative splicing.
Northern blot analysis Figure 3 shows the Northern blots of various human tissues to determine where in the body MJD is expressed. MJD was found to be ubiquitously expressed both in the brain and in non-nervous tissues. Several differently sized transcripts, of approximately 1.4, 1.8, 4.5, and 7.5 kb were detected.
Discussion
In this study we have characterized the genomic structure of the MJD gene and assessed the location and nature of its transcription. We first constructed a contig composed of six cosmid clones and eight BAC clones. Sequencing of B445M7, a BAC clone obtained from the RPCI11 human BAC library, allowed us to further characterize the MJD.
As a result, we know that the MJD gene, which spans the nt region 126,768-175,007 in B445M7, is 48,240 bp in size and is composed of 11 exons. The CAG repeats are found in exon 10.
To study the transcription of the MJD gene, four human cDNA libraries, established from caudate, retina, whole brain, and testis cDNA, were screened for MJD sequences. This resulted in the isolation of 21 independent MJD cDNA clones. Five of these clones have longer 5Ј-UTRs than MJD1a, and are the longest of all the 21 clones. As the 5Ј-regions of these five clones all start at nt 126,768 in B445M7, we believe that the transcription initiation site of MJD is probably at this position.
As described further below, exons 10 and 11 are used variably in the transcripts of MJD, probably by alternative splicing mechanisms. Exon 10 is composed of 1099 bp and includes one polyadenylation signal consensus sequence (A 1 in Fig. 2A,B) . Exon 11 is 6046 bp in size and contains a long 3Ј-UTR, of 5954 bp. This is not uncommon, as the transcripts of HD and SCA1 have also been shown to carry long 3Ј-UTRs, of 3921bp and 7277bp, respectively (Banfi et al. 1994; Lin et al. 1993) .
We found, by Northern blot analysis, that the MJD gene is ubiquitously transcribed, as all the adult human tissues we examined contained detectable levels of MJD mRNA. This supports the observations made by Nishiyama et al. (1996) , who showed by in situ hybridization analysis that MJD mRNA was expressed in the brains of both patients with MJD and control individuals (Nishiyama et al. 1996) . Such ubiquitous expression of a gene whose defects primarily lead to neurodegeneration is not unusual, as Paulson et al. (1997) have demonstrated by immunohistochemical studies that ataxin-3, the protein of MJD, is expressed not only in the brain but also throughout the body (Paulson et al. 1997 ).
Other genes -HD, SCA1, SCA2, SCA7, and DRPLAalso appear to be ubiquitously expressed (The Huntington's Strong et al. 1993; Orr et al. 1993; Pulst et al. 1996; Sanpei et al. 1996; Imbert et al. 1996; David et al. 1997; Onodera et al. 1995) . Our Northern blot analysis also revealed that there were at least four different species of MJD transcripts. Their sizes were estimated to be approximately 1.4, 1.8, 4.5, and 7.5 kb. This is probably partly as a result of differential splicing. This is suggested by the cDNA clone sequences, as the 3Ј-ends of the clones were composed of either exon 10 or exon 11. Furthermore, there is one polyadenylation signal consensus sequence (A 1 in Fig. 2A,B ) in exon 10, and there are seven consensus sequences in exon 11 (A 2 -A 8 in Fig. 2A,B) . The four species of mRNA seem to correspond to transcripts that are generated by both alternative splicing of the last two exons of MJD and by alternative polyadenylation in exon 11, as described below.
The transcript that uses the A 1 polyadenylation signal and terminates at exon 10 is calculated to be 1930 nt long, apart from a poly-A tail. Three cDNA clones (pMJD2-1, pR7b, and H8-2), denoted as type 1 clones in the "Results" section, represent this transcript. Transcripts that terminate at exon 11 can vary in size from 1350 nt to 6887 nt because of alternative polyadenylation. When A 2 is used, the transcript will be 1350 nt long, while A 3 , A 4 , A 5 , A 6 , A 7 , and A 8 usage, respectively, yields 1860-, 4349-, 4845-, 6065-, 6159-, and 6887-nt-long mRNA species. We isolated a number of cDNA clones that use exon 11 (denoted as type 2 clones). Of these, pMJD5-1 contains the transcript using A 2 , while pMJD1-1 consists of the transcript using A 3 , and H4-1 and H13-2 consist of the transcript using A 5 . Altogether, it seems as though the 1.4-kb band appearing in the Northern blotting work corresponds to the transcript using the A 2 polyadenylation site, while the 1.8-kb band is the transcript using the A 1 and/or A 3 sites. The 4.5-kb band may be generated by the use of the A 5 and, possibly, A 4 sites, while the 7.5-kb band may arise from the use of the A 8 and, possibly, A 6 and A 7 sites.
Other MJD cDNA clones suggest that exons other than 10 or 11 may be skipped in transcription. Four identical cDNA clones (H2, H5-1, H7, and H11), denoted as type 3 clones, are characterized by their deletion of exon 2. Despite this, the open reading frame is preserved, and the result is the deletion of 33 amino acid residues. Clones skipping either exon 3 or exon 4 have also been reported previously (Kawaguchi et al. 1994; Paulson et al. 1997) . One of the so-called type 4 clones isolated in this study, namely, H6, was also found to have skipped exon 4. Although the skipping of exons 2 or 3 does not shift the reading frame, exon 4 skipping causes a frameshift and results in truncation.
Another type 4 clone, H5-2, was found not to be an MJD cDNA, but, rather, to have high homology to MJD. This suggests that there may be MJD-related gene(s) in the human genome. Supporting this notion is that Kawaguchi et al. (1994) have reported that there are three other homologous genomic loci (8q23, 14q21, and Xp22.1) apart from MJD (MJD1) on 14q32.1, and indeed, in this study, we obtained several cosmid clones mapping to 14q21. Homology searching also showed that the BAC clones, R-10A2 (AL359212) and R-403E (AL359332), which are mapped to the centromere of 14q, contain partial homology to MJD exon 4-9 sequences. With regard to the H5-2 cDNA clone, it bears high homology to a genomic sequence in Xp22. However, this region of Xp22 has no intron, and it seems to be a processed type of pseudogene sequence. Finally, the draft sequence of the BAC clone, RP11-238I10, which is mapped to chromosome 8, has 67.9% homology to the cDNA clone pMJD1-1, except for exon 3. This homologous region of RP11-238I10 also has no intron. These findings suggested that there is a processed pseudogene of MJD on chromosome 8.
When the whole sequence of the B445M7 BAC clone was sequenced and subjected to homology searches, several other gene sequences were identified. One was the human homologue of BTCPSFSU. The cleavage and polyadenylation specificity factor (CPSF) plays a central role in the 3Ј cleavage of transcripts and subsequent polyadenylation (Jenny et al. 1994) . The partial sequence of NDUFB1 was also found in B445M7. NDUFB1 is one member of the enzyme complex in the electron transport chain of mitochondria and its gene is mapped to chromosome 14 (locus ID, 5707; online mendelian inheritance in man [OMIM] , 603837). It is identical to the human CI-MNLL homologue gene expressed in human CD34 ϩ hematopoietic stem/progenitor cells (Mao et al. 1998 ). Relative to the sequence contained in B445M7, NDUFB1 can be divided into at least four parts. The genome sequences between its third and fourth parts start with GT and end with AG. These characteristics are consistent with the GT-AG consensus sequences of splice sites.
Our studies revealed the genome structure of MJD, and showed that MJD coded several transcripts by alternative splicing and polyadenalation. Through the sequencing of the B445M7 BAC clone, it was shown that the homologue of BTCPSFSU and NDUFB1 was located on 14q32.1.
